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Isolation of clonogenic, long-term self renewing
embryonic renal stem cells
M. Lusis a,c, J. Li a,c, J. Ineson a,c, M.E. Christensen b, A. Rice b,
M.H. Little a,c,⁎a Institute for Molecular Bioscience, University of Queensland, St. Lucia, 4072, Australia
b Mater Medical Research Institute, Aubigny Place, Raymond Terrace, South Brisbane, 4101, Australia
c Australian Stem Cell Centre, AustraliaReceived 17 December 2009; received in revised form 12 March 2010; accepted 18 March 2010Abstract A tissue stem cell should exhibit long-term self-renewal, clonogenicity and a capacity to differentiate into the
tissue of origin. Such a postnatal renal stem cell has not been formally identified. The metanephric mesenchyme (MM) of the
developing kidney gives rise to both the renal interstitium and the nephrons and is regarded as the progenitor population of the
developing kidney. However, isolated MM does not self renew and requires immortalization for survival in culture. Here we
report the isolation and sustained culture of long-term repopulating, clonal progenitors from the embryonic kidney as free
floating nephrospheres. Such cells displayed clonal self renewal for in excess of twenty passages when cultured with bFGF and
thrombin, showed broad mesodermal multipotentiality, but retained expression of key renal transcription factors (Wt1, Sall1,
Eya1, Six1, Six2, Osr1 and Hoxa11). While these cells did display limited capacity to contribute to developing embryonic
kidney explants, nephrospheres did not display in vitro renal epithelial capacity. Nephrospheres could be cultured from
both Sall1+ and Sall1- fractions of embryonic kidney, suggesting that they were derived from the MM as a whole and not
specifically the MM-derived cap mesenchyme committed to nephron formation. This embryonic renal stem cell population was
not able to be isolated from postnatal kidney confirming that while the embryonic MM represents a mulitpotent stem cell
population, this does not persist after birth.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.Introduction cular disease and diabetes worldwide, the rate of chronicThe kidney is a vital organ in regulating fluid, pH, blood
pressure and bone density. The 20th century provided to
sufferers of chronic renal disease the possibility of organ
transplantation. However, only 15% patients will receive a
replacement organ and all face the risk of immunological
rejection. As a result of the dramatic increase in cardiovas-⁎ Corresponding author. NHMRC Principal Research Fellow, Institute
for Molecular Bioscience, The University of Queensland, St. Lucia,
4072, Australia. Fax: +61 7 3346 2101.
E-mail address: M.Little@uq.edu.au (M.H. Little).
1873-5061/$ – see front matter. Crown Copyright © 2010 Published by
doi:10.1016/j.scr.2010.03.003kidney disease (CKD) is estimated to be rising at 7% per
annum (Coresh et al., 2007). Hence, there is a strong
imperative to seek alternative treatments.
Unlike the liver, resection of a kidney does not elicit organ
regrowth. Based on analyses of postnatal cell division, the
kidney had been classified as an organ of ‘simple duplication’,
in which repair results from the division of differentiated cells
(Messier and Leblond, 1960). The adult brain was traditionally
regarded as ‘static’ implying the absence of both stem cells
and proliferation. However, with the isolation of apparently
pluripotent cells from a variety of solid organs, including the
brain, the possibility that the kidney contains stem cells hasElsevier B.V. All rights reserved.
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suggesting the existence of stem cells in the adult kidney, both
within the tubules themselves or in the stroma surrounding
these tubules (Hopkins et al., 2009). Using long term BrdU
pulse-chase analyses, two different populations of cells have
been identified; one in the papilla (Oliver et al., 2004) and the
other in the renal tubules themselves (Maeshima et al., 2003,
2006); which appear to display long-term label retention
suggestive of a slow cycling stem cell. Other groups have
isolated subfractions of the kidney based upon cell surface
marker expression (CD24, Sca1, CD133), function (Hoescht
efflux) or location (S3 segment of proximal tubule, Bowman's
capsule epithelium) (Ronconi et al., 2009; Appel et al., 2009)
and demonstrated in vitromultipotentiality and/or a capacity
to apparently ameliorate acute renal failure in vivo (Hopkins
et al., 2009). Onmost occasions, this has been shown to be due
to the production of reparative humoral factors rather than
cellular integration or transdifferentiation into functional
tubular cells (Dekel et al., 2006; Bussolati et al., 2005a;
Osafune et al., 2006; Kitamura et al., 2005; Challen et al.,
2006). Notably, none of these studies have provided definitive
evidence that such endogenous cell populations are clonal,
long term self-renewing stem cells. While the ability of the
kidney to repair in response to acute injury is substantial, our
understanding of how this happens is poor. While attractive to
imagine a role for a stem cell here, lineage studies have shown
that tubular repair post acute damage does not involve cells
from outside of the tubules themselves (Humphreys et al.,
2008). Hence, if a postnatal renal stem cell does exist, such a
cell must reside in the tubules.
In contrast to our lack of understanding of cellular turnover
and potential in the postnatal kidney, within the developing
kidney there is a good understanding of the progenitor
populations from which this organ is derived. The mammalian
kidney arises through interactions between two tissues both
derived from the intermediate mesoderm; an epithelial duct
called the ureteric bud (UB), which gives rise to the collecting
ducts and the ureter, and themetanephricmesenchyme (MM).
The MM gives rise to all cell types within nephrons apart from
the collecting ducts, aswell as giving rise to components of the
cortical and medullary renal interstitium, and is regarded as
the key progenitor population of the kidney. The development
of the nephrons from the MM results from a mesenchyme-to-
epithelial transition (MET). During this process, the cells of the
MM closest to the tip of the invading UB condense to form the
capmesenchyme (CM). This CM has now been predicted to also
represent a stem/ progenitor cell population (Kobayashi et al.,
2008). The CM has been predicted to self renew to expand the
population in order to generate sufficient cells for nephron
induction. All renal tubules aside from the collecting duct are
derived directly from CM via MET (Kobayashi et al., 2008). This
MET is induced by Wnt9b expression within the ureteric tip
(Carroll et al., 2005). In response, the CM on one side of the
ureteric tip aggregates and then epithelialises to become a
renal vesicle. Sequential MET events occur as the ureteric tree
branches such that the last nephrons to arise do so at the
periphery of the kidney. Nephrogenesis in the mouse is
completed in the first few days after birth (Hartman et al.,
2007) and around 38 weeks in the human. While no new
nephrons are induced after this point in time, what causes
cessation of nephrogenesis and what happens to the CM is not
known. One possibility is that the CM is terminally exhausted(Hartman et al., 2007). Onewould presume, therefore, that at
least the component of the MM that gives rise to the CM is also
exhausted at this time. The other possibility is that remnant
CM/MM populations persist in the postnatal kidney and can be
recruited during injury. This has been difficult to investigate as
neither CM nor MM has been successfully cultured in vitro.
While the challenge in the kidney has been finding a way
to demonstrate whether or not a postnatal stem cell exists,
the haematopoietic and neural fields have benefited from
the development of assays enabling the culture and isolation
of stem cells. In the neural field, the neurosphere assay has
enabled the cultivation of neural stem cells that show self-
renewal capacity (Reynolds and Weiss, 1992). Each sphere
represents a clonal population derived from a single stem cell
that grows in culture as a light refractive, floating spherical
ball. These cells also show the ability to differentiate into all
three neural lineages, oligodendrocytes, astrocytes and
neurons, as well as cell types from other lineages (Reynolds
and Weiss, 1992). The passage of a sphere down to single cell
with the indefinite growth of subsequent spheres validates
the existence of clonal neural stem cells. While the culture of
floating ‘spheres’ has been attempted in a number of other
organs, including heart, mammary gland, dermis and
prostate (Messina et al., 2004; Lawson et al., 2007; Toma
et al., 2005), in few cases have the criteria of clonality, long
term self renewal and retention of potential to develop into
the cells of the organ of origin been demonstrated.
In this study, we aimed to answer the question of whether a
definitive stem cell population existed within the kidney by
establishing the parameters required for nephrosphere cul-
ture. To do this, we used embryonic kidney tissue where a
known renal progenitor population exists. Here we report the
defined media and conditions required to successfully culture
nephrospheres from E12.5 to E17.5 embryonic kidneys. These
cells display broad mesodermal potential and retain the
expression a number of key developmental markers of the
MM. However, such spheres substantively lose the capacity to
epithelialise, displaying instead the broader mesodermal
potential of the intermediate mesoderm. Of importance,
nephrospheres could not be isolated from postnatal kidney.
This supports the hypothesis that the embryonic stem/
progenitor cell population of the kidney is lost after the
cessation of nephrogenesis. It also implies that any true stem
cell population existing within the postnatal kidney does not
represent this embryonic progenitor population.Methods and materials
Nephrosphere Culture
Embryonic kidneys weremicro-dissected from CD1 or C57BL/6
mouse strains, minced and dissociated using Accutase (Che-
micon), 37 °C, for 7 (E11.5-E13.5) to 12 minutes (E15.5-
E17.5). After dissociation, preheated DMEM:F12 (Gibco)
containing BSA (0.05% weight/volume, Sigma) and Dnase
(10 μg/ml, Roche) was added to the digestion solution and
centrifuged at 1,500 rpm, 3 min (Rotofix, Hettich centrifuge).
Cells were resuspended in 0.5 ml nephrosphere media (see
below), titurated to single cells and plated (T25 flask (Nunc))
at 2.5×105 cells/ ml. Subsequent passaging of spheres was
performed using digestion at 37 °C, 3 min and replating at
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previous passage was syringe-filtered (0.22 μm filter) and
added at a ratio of 1:2.85 sphere media (the first primary
cell culture did not use conditioned media). GFP-labelled
nephrospheres were derived from embryos of crosses between
B5/GFP (Hadjantonakis et al., 1998) males x wildtype CD1
females. Adult kidney was finely minced and digested with
collagenase B (1 mg/ml), dispase II (1.2U/ml) in HANKS
balanced salt solution (Sigma), 37 °C, 10 min. Digestion was
stopped by adding 100% fetal calf serum (FCS) and single cells
in suspension collected using centrifugation. Two further
rounds of digestion and harvesting of occurred before pooled
supernatants were filtered through sequential cell strainers
(70 um and 40 um) before centrifugation at 300rcf, 5 mins,
4 °C. The pellet was resuspended in nephrosphere media and
seeded as described above. All cell culture curves are
presented as cumulative cell totals.
For derivation of nephrospheres from Sall1-GFP transgenic
mice (Osafune et al., 2006; Takasato et al., 2004), kidneyswere
isolated, dissociated as described above and filtered through
sequential 70 µm and 40 µm strainers. Isolated cells were then
sorted into GFP-positive and GFP-negative fractions using FACS
Aria (BD Bioscience) excluding dead cells. The resulting
fractions were cultured as nephrospheres as described.
Nephrosphere Media
Basal nephrosphere media contained low glucose DMEM
(1 g/L, Gibco) and F-12 (Gibco) (1:1); β-mercaptoethanol
(0.25 mM, Sigma); HEPES (15 mM, Thermo Corporation);
insulin-transferrin-sodium selenite media supplement (ITS)
(insulin (5 μg/ml), transferrin (5 μg/ml), sodium selenite
(5 ng/ml), Sigma); Glutamax (2 mM, Invitrogen); B27 prolif-
eration supplement (5x concentration, Gibco); Penicillin/
Streptomycin (10 U/ml); bovine recombinant bFGF (20 ng/
ml, Roche); heparin (0.7 U/ml, Sigma); and thrombin purified
from bovine plasma (2 U/ml, Sigma). Growth factors added
to the basal media included purified EGF (20 ng/ml, BD
Biosciences); recombinant mouse IGF-1 (20 ng/ml, Bio-
source); recombinant human HGF (20 ng/ml, R&D Systems).
Bone Marrow-Derived Mesenchymal Stem Cells
Bonemarrow derived mesenchymal stem cells (BM-MSC) used
for comparative gene expression analyses were obtained
from the Mater Medical Research Institute (gift of Kerry
Atkinson and Gary Brooke) as previously described (Short et
al., 2009). In brief, wild-type C57BL/6 mice were sacrificed
at 8-12 weeks of age. For isolation of bmMSC, the pelvis,
tibias and femurs were removed from the mice, cleaned of
excess tissue and transferred to ice cold αMEM (Invitrogen,
Carlsbad, CA). Bones were thoroughly crushed using a mortar
and pestle, digested in Type I collagenase (100 U/ml;
Worthington Biosciences, Lakewood, NJ) and DNase I
(10 µg/ml, Roche, Basel Switzerland), 37 °C for 20 min,
filtered through a 70 µm filter before resuspension in
phosphate buffered saline (PBS) and 62.5% Percoll (GE
Healthcare, Rydalmere, Australia). Cells were centrifuged
at 400 g (1600 rpm) for 20 min, the interface collected,
resuspended in αMEM + 20% FCS and incubated at 37 °C, 5%
CO2 After 72 h, non-adherent cells were removed andadherent MSCs retained. All procedures were approved by
the University of Queensland Animal Ethics Committee.
RT-PCR
RNA was isolated from murine nephrospheres, bone marrow-
derived murine mesenchymal stem cells and murine E13.5
embryonic kidneys using RNeasy Mini Kit (Qiagen) including
on-column DNase digestion (Qiagen) according to manufac-
turer's instructions. RNA concentration and quality was
determined using a spectrophotometer (Nanodrop). cDNA
was prepared using Superscript II RNase H- Reverse Tran-
criptase (Invitrogen) as per the manufacturer's instructions,
using 500 ng of RNA per reaction. Primer sequences for all
genes analysed are reported in Supplementary Data 1.
Immunofluorescence of spheres
To conduct immunofluorescence on undissociated spheres,
glass coverslips were coated with Cell-Tak (BD Biosciences)
as per the manufacturer's instructions. Spheres or single cells
were fixed in 4% paraformaldehyde, 30 minutes, made
permeable with 0.2% Triton X-100, 10 minutes, and blocked
for 15 minutes in 1% BSA in PBS. Primary antibodies diluted in
1% BSA in PBS were incubated overnight at 4 °C. Secondary
antibodies diluted in 1% BSA in PBS were incubated at room
temperature, 60 minutes. DAPI (1 μg/ml; Boehringer Man-
nheim) was added for the last 5 minutes of incubation. Cells
were subsequently washed 3×5 minutes in PBS and mounted
with Vectashield (Vector Laboratories) and photographed.
Multipotentiality and tubulogenic assays
For adipogenesis and osteogenesis assays, cells were plated
at 1.5×105 cells/ml in a 6 well plate and incubated until
confluent in DMEM supplemented with 10% FCS, ITS supple-
ment (as above), Glutamax (2 mM), penicillin/streptomycin
(10 U/ml)). Upon confluence, media was changed to differ-
entiation media and cells were cultivated for an additional
three weeks.
Differentiation media for adipocytes: DMEM (Gibco); 10%
FCS; insulin (5 μg/ml); dexamethasone (1 μM); 3-isobutyl-1-
methylxanthine (IBMX) (500 μM); and penicillin / streptomy-
cin (10 U/ml). Adipocytes were stained with Oil-Red-O
(Molecular Probes) in PBS (1:2000) for 10 minutes.
For osteocyte differentiation, cells were cultured in
DMEM (Gibco); ascorbic acid (0.2 mM); B-glycerophosphate
(10 mM); dexamethasone (100 nM); and penicillin/strepto-
mycin (10 U/ml). Cells were washed in PBS, fixed for
10 minutes in 4% paraformaldehyde in PBS and then finally
washed in PBS. Osteocytes were stained for alkaline
phosphatase activity using 0.1 mg/ml Fast Blue BB salt and
Napthol AS-MX phosphatase in 0.1 M Tris-HCl (pH8.5), 2 mM
MgCl2 for 20 minutes. Alizarin Red S solution was made using
1 g in 100 ml H2O and pH adjusted to 4.1-4.3 using 0.5%
ammonium hydroxide and stained for 20 minutes.
For chondrocyte differentiation, 2.5×105 cells were
centrifuged at 1500 rpm for 5 minutes in a 15 ml Falcon
tube. 300 μl of differentiation media was added containing
DMEM, dexamethasone (100nM), ascorbic acid (0.2 mM), ITS
supplement (as above), TGFβ3 (10 ng/ml, R&D Systems),
26 M. Lusis et al.penicillin/streptomycin (10 U/ml). Media was changed twice
a week for three weeks. The pellet was fixed in 4% para-
formaldehyde in PBS, processed, embedded in paraffin and
sectioned. The sections were taken through xylene and
rehydration steps as for reaggregations (described below).
Pellet was stained for 20 minutes in Alcian Blue using 1 g of
Alcian Blue powder dissolved in 100 ml of 3% acetic acid and
adjusted to pH 2.5 with acetic acid. Sections were washed in
tap water for 2 minutes and then counterstained with
nuclear fast red solution for 5 minutes (Vector Laboratories)
before dehydration. For myogenic differentiation, 5×104
C2C12 cells (mouse myoblast cell line) were seeded with
5×104 GFP labelled cells from nephrospheres and allowed to
grow to confluence in a six well plate format containing 2mls
per well of DMEM, 10% FCS, ITS supplement (same concen-
tration as above) and penicillin / streptomycin (10 U/ml).
Upon confluence, media was changed to low serum media
comprised of DMEM, 1% horse serum, 1% serum supreme
(BioWhittaker) and penicillin / streptomycin (10 U/ml) (Di
Rocco et al., 2006). Cells were allowed to differentiate for
the following two weeks and photographed.
For Matrigel assays, growth factor reduced Matrigel (BD
Bioscience) was defrosted overnight at 4 °C, 150 μl of
Matrigel was mixed with 150 μl of ice cold media containing
either whole or dissociated nephrospheres, and the combined
300 μl plated per well in a 24 well plate. The ice cold media
comprised DMEM (1 g/L glucose), F12 (1:1), ITS supplement
(same concentration as above), glutamax (2 mM), penicillin /
streptomycin (10 U/ml), and growth factors with final
concentration as follows: EGF (25 ng/ml, BD Bioscience),
bFGF (20 ng/ml Roche), and HGF (40 ng/ml, R&D Systems).
Assessment of potential to undergo epithelialisation in
response toWnt4 was determined by culturing sphere cells on
a lawn of NIH3T3 cells pre-treated with mitomycin, over-
expressing Wnt4, as previously described (Osafune et al.,
2006). The outcome was assessed using brightfield microsco-
py and immunofluorescence for E-cadherin and Wt1.
Immunophenotyping
Approximately 1×105 nephrosphere cells or MSCs were
incubated in 100 μl with fluorescein isothiocyanate (FITC),
phycoerythrin (PE) conjugated or unconjugated primary
antibodies for 30 minutes at 4 °C. The following directly
conjugated anti-mouse monoclonal antibodies (BD Pharmin-
gen) were used: CD45-FITC (clone 30-F11); Sca-1-PE (clone
E13-161.7); CD31-PE (clone MEC 13.3); CD44-APC (clone
IM7). Non conjugated goat anti-mouse CD34 (clone RAM34)
and CD29 (clone KMI6) (BD Pharmingen) were used in
combination with the appropriate FITC conjugated second-
ary (Sigma). Appropriately conjugated isotype controls were
used to determine non-specific binding (BD Pharmingen).
Finally, 2 μg/ml 7-aminoactinomycin D (7-AAD, Sigma) was
added to each sample to exclude non-viable cells. All FACS
data is representative of at least three individual experi-
ments. Cells were analysed with a BD LSR II Analyser.
Mixed Lymphocyte Reaction
Suppression of T cell proliferation by bone marrow-derived
MSC or nephrospheres isolated from either C57BL/6 or CD1mouse strains was measured using MLR. These cultures were
carried out in U-bottom, 96-well plates (Greiner) in a total
volume of 200 µl of complete media consisting of αMEM
supplemented with 10% FCS and 100 U/ml penicillin, 100 mg/
ml streptomycin, 2 mM L-gluatamine, 10 mM HEPES (N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid; all Invi-
trogen) and 50 μM 2-mercaptoethanol (Sigma, MO, USA).
BALB/c [H-2d] stimulator splenocytes cells, isolated by
density centrifugation (Lympholyte-M; Cedarlane, Canada),
were cultured overnight with 100 ng/ml LPS in culture media
in a humidified 37 °C, 5% CO2 incubator, then irradiated
(2000 cGy) prior to co-culture (Turner et al., 2008). MSC
(passage 8; passage number did not effect immunosuppres-
sive capacity of MSC [data not shown]; 3000 cells/well) or
nephospheres (passage 4; 3000 cells/well) were allowed to
adhere overnight before being irradiated (3000 cGy) prior to
co-culture. Responder T-cells derived from C57BL/6 [H-2b]
or B10.Br [H-2 k] mice were purified using a pan T-cell
isolation kit (Miltenyi Biotec, Gladbach Germany). Stimula-
tor cells (2 × 105 cells/well) and responder T-cells
(3×105 cells/well) were co-cultured ± MSC or nephrospheres
in a humidified 37 °C, 5% CO2 incubator. Proliferation was
assessed by [3H]-Thymidine incorporation (1 μcurie/well)
(Amersham Biosciences, U.K.) after a total of 96 hours of
culture. Cells were harvested using the TOMTEC 96-well
Mach III Harvester (Perkin-Elmer, Vic, Australia) and counts
per minute (cpm) measured on a 1450 MICROBETA TRILUX β-
scintillation counter (Perkin-Elmer, Vic, Australia). The data
represents the average of 9 technical replicates from one
biological sample. Statistics were calculated using one way
analysis of variance with post hoc Dunnett's test (comparing
all samples to controls).Recombination assay of ex vivo embryonic
renal potential
Twenty four hours prior to conducting the assay, NIH3T3 cells
overexpressing Wnt4 (gift of Andreas Kispert) were seeded
on polycarbonate filters (0.4 μm pore size) at a density of
5×104 cells in 50 μL volume. Polycarbonate filters (0.4 μm
pore size) were coated with mouse collagen IV solution
(100 μg/ml, BD Biosciences) for one hour prior to washing
with PBS. These filters were placed on top of the feeder
cells, with both filters being supported by a metal grid in a
centre well organ culture dish (Falcon). Media comprised
DMEM (Gibco), 10% FCS, ITS supplement (same concentration
as above) and Glutamax (2 mM). E12.5 kidneys were dis-
sociated to single cells as per the nephrosphere. Embryonic
kidney cells and GFP+ nephrosphere cells were mixed
together, centrifuged at 2,000 rpm for 2 minutes and the
entire pellet placed on top of the collagen IV coated filter
and allowed to develop for four days. The pellet was fixed in
4% paraformaldehyde in PBS and subsequently processed
prior to paraffin embedding and sectioning. Slides were
deparaffinised and rehydrated through and ethanol series.
Antigen unmasking solution (Vector Laboratories) was used
with slides boiled in a microwave for 12 minutes and then
allowed to cool on the bench for around 60 minutes. Slides
were washed 3×2 minutes in PBS and then blocked in 2%
sheep serum for 60 minutes at room temperature. Primary
antibodies, diluted in 2% sheep serum/ PBS, were incubated
27Renal MSCs in repairovernight at 4 °C while secondary antibodies were incubated
in the dark at room temperature, 60 minutes. Primary
antibodies are detailed in Supplementary Data 2.
Culture under renal capsule
C57/BL6 mice were anesthetised using 2% isofluorane in
oxygen and approximately 5×105 cells from dissociated
nephrospheres (derived from CD1 embryonic kidneys) in
50 μL volume were injected under the renal capsule. After
three weeks, kidneys were fixed in 4% paraformaldehyde,
processed, paraffin embedded and sectioned. Histology was
assessed using haematoxylin and eosin or Masson's trichrome
staining.
Results
Developing a nephrosphere assay
In order to identify kidney stem cells based on sphere
formation, we used embryonic day (E) 12.5 mouse kidneys
(Fig. 1A) dissociated to single cells. Using a serum free basal
media (Wachs et al., 2003), combinations of growth factors
that had either been used in successful adaptations of the
neurosphere assay in other organs, or that were noted to
be important in renal development were assessed. These
included bFGF; EGF; thrombin; LIF; TGFβ2; TGFalpha; HGF;
BMP7; IGF1; GDNF; Activin A and thyroid hormone. The
requirement for supplements including ITS, dexamethasone,
B27 supplement, N2 supplement; high and low glucose
DMEM, and β-mercaptoethanol, were also assessed. Cell
cultures were observed for proliferation, the presence of any
spheres or, at minimum, free floating phase bright cells
versus an adherent fibroblastic morphology. Dissociated
embryonic kidney cultivated in previously described condi-
tions for neurosphere culture (Reynolds and Weiss, 1992) did
not form spheres, instead forming an adherent monolayer. In
contrast, formation of spheres (referred to as nephro-
spheres) of up to 100 μm in diameter were observed in the
presence serum-free basal media (Wachs et al., 2003) with
the addition of thrombin and bFGF (Fig. 1B). The nephro-
spheres showed a similar morphology to neurospheres, being
semi-adherent or floating, with phase bright appearance
(Fig. 1Ba). Nephrospheres were solid balls of cells in which
the component cells were surrounded by significant amounts
of extracellular matrix (Fig. 1Bb). The nuclei of cells within
nephrospheres appeared large and poorly stained for
Toluidine Blue, suggestive of a relative absence of condensed
chromatin. This is similar to embryonic stem cells.
The impact of bFGF and thrombin on nephrosphere
formation was assessed by seeding cells from dissociated
E12.5 murine kidneys in media with and without each factor
(Fig. 1C). Without bFGF or thrombin, there was limited
proliferation and a high proportion of cells were unviable as
assessed using trypan blue staining. Addition of bFGF
facilitated proliferation, however the cells became adherent
and grew as a monolayer. Limited proliferation was observed
with the addition of thrombin alone, although this did reduce
cell adherence. With the addition of both thrombin and
bFGF, the majority of cells remaining phase bright and
sphere formation occurred (Fig. 1C). No other combinationof media or growth factors facilitated the derivation of
nephrospheres. The impact of the addition of IGF-1, HGF and
EGF to the basal media/ bFGF/ thrombin combination was
then reassessed (Fig. 1D). Addition of HGF and IGF1 did not
appear to make any difference to sphere formation. Addition
of EGF did provide a higher yield of cells from spheres at
the first passage, however this incremental yield did not
continue over subsequent passages (data not shown). While
nephrosphere media provided reproducible sphere formation,
there was a decrease in proliferation over time (Fig. 1E). The
addition of conditioned media from the previous passage of
spheres addressed this decline in expansion and enabled long
term culture (Fig. 1E). The use of conditioned media has
previously been used in some neurosphere and skin derived
precursor assay protocols both to establish and passage the
cells (Wachs et al., 2003; Bearzi et al., 2007).
Nephrospheres displayed a characteristic ‘S’ shaped
proliferation curve (Fig. 1F). During early passages (passage
1-8), spheres displayed a 2-3 fold increase in cell number
between passages (Fig. 1F). There was a lag in proliferation
around passage 5, after which proliferation would increase.
This lag stage corresponds with the period where, without
conditioned media, the cells would reach senescence. During
later passages (passage N10), sphere cells showed a 20 fold
increase in cell number between passages. Between passage
3 and passage 13, the number of population doublings per
day increased from 0.3 +/- 0.03 SEM to 0.6 +/- 0.12 SEM.
To determine whether nephrospheres showed clonality,
dissociated spheres were seeded at two cells per well in 96
well plates. An average of 2.2% (+/- 1.1% SEM) of cells formed
spheres (defined as spheres with a diameter in excess of
50 μm). When cells were seeded in methyl cellulose, the
clonal sphere forming efficiency was approximately 2%,
consistent with liquid culture results. This is comparable
with the rate of clonality seen in neurospheres, where 2.4%
of cells dissociated from neurospheres are capable of
generating a secondary neurosphere (Reynolds and Rietze,
2005). When cultured at high density, nephrospheres formed
due to aggregation rather than clonal growth, as previously
reported for neurospheres (Jessberger et al., 2007; Singec et
al., 2006). This was established by co-culturing GFP+ and
unlabelled sphere-derived cells and observing mixed colo-
nies. A full description of the process of nephrosphere
initiation and early growth characteristics is provided in
Supplementary Data 3.Nephrosphere gene expression
and immunophenotype
In order to characterise the gene expression of nephro-
spheres, key genes marking the MM, CM and other embryonic
renal sub-compartments were examined using RT-PCR.
Nephrosphere cultures derived from E12.5 embryonic kidney
at passages four, eight and twelve were examined to
determine whether the expression of analysed genes
changed across time in culture (Fig. 2A). The experiment
was conducted using three pooled samples of RNA per time
point from separate nephrosphere cell lines. Murine bone
marrow-derived MSC (BM-MSC) were also examined as an
example of a distinct somatic stem cell population. All PCR
primers were designed to span introns to ensure a unique
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29Renal MSCs in repairRNA-derived amplicon (Supplementary Data 1). Gene ex-
pression in nephrosphere cultures across time was relatively
stable. Nephrospheres were seen to express known markers
of both MM and CM (Wt1, Osr1, Hoxa11, Eya1, Six1, Six2,
Sall1, Gdnf). In addition, the CM gene cadherin 11 was also
expressed. Expression of Eya1 and Osr1 was initially low and
appeared to increase with time. This may reflect the
selection of a subpopulation of cells over time in culture or
the gradual increase in expression of these genes in the
population as a whole. Of note, Osr1 is also expressed in the
intermediate mesoderm. Transcription factors marking the
nephric duct (Lhx1) and UB (Pax2) were not expressed.
Expression of Pax2 also occurs in the CM, but neither Pax2 nor
Pax8 were expressed in the nephrospheres. The renal
stromal marker Foxd1 was also not detectable by RT-PCR
until the latest passage. Nephrospheres did not express
megalin, a marker of differentiated tubular epithelium in the
developing kidney. The endothelial progenitor marker Flk1
was, expressed as was Sca-1, a commonly stem cell antigen,
and PDGFBB, which in the kidney is normally expressed on
endothelium.
Immunofluorescence was also used to investigate nephro-
sphere phenotype (Fig. 2B). Nuclear WT1 protein was
observed in most cells of the intact nephrosphere as well
as cells dissociated from these spheres and cultured in 10%
FCS for 24 hours. This protein is expressed in MM and CM. The
intermediate filament protein, nestin, which is expressed in
the peripheral MM and the podocytes of the developing
kidney and is upregulated within the interstitial fibrotic
regions of chronically damaged kidneys, was only heteroge-
neously expressed within nephrospheres (Fig. 2B). Nestin,
also regarded as a marker of BM-MSC, has been variably
reported in neurospheres (Campos et al., 2004; Gritti et al.,
1996) and is upregulated in Wilms’ tumour (Murphy et al.,
2009).Similarities between MSCs and nephrospheres
Surprisingly, a number of genes frequently used as markers of
developing kidney (Eya1, Six1, Six2, Osr1, cadherin 11 and
GDNF) were also expressed in BM-MSC. BM-MSC also
expressed markers of renal vesicle and proximal tubule
(Wnt4, megalin) and the stromal marker Foxd1, but did not
express the MM markers Wt1, Sall1 or Pax2. This overlap of
gene expression raised speculation as to potential lineage
relationships between MSC and nephrospheres. MSC from all
locations are characterised principally by their mesodermal
differentiation potential, as well as their expression ofFigure 1 Isolation of nephrospheres and determination of optima
from embryonic kidney. E12.5 kidneys (top panel) were dissociated to
spheres (nottom panel) were serially disaggregated for replating and
a) brightfield morphology of a mature nephrosphere; b) thin section
addition of conditioned media on the longevity of self renewal; D) R
after 6 days in culture demonstrating the effect of thrombin and bF
both thrombin and bFGF (bottom right); scale bars:50 μm; E) Analysis
nephrosphere media; F) Average growth curve of nephrospheres is
Nephrosphere cultures displayed an average expansion of around 3 fo
the proliferation rate increases, with approximately 20 fold expansion
numbers. The starting cell count of 100 at passage 1 is an arbitrarycertain cell surface molecules (Dominici et al., 2006). By
definition, MSC grow as adherent fibroblastic colonies.
While originally isolated from the bone marrow, MSC have
now been isolated from many fetal and postnatal tissues,
including postnatal fat, placenta, amnion and kidney
(Meirelles et al., 2006). Hence, we assessed the expres-
sion of selected cell surface molecules using immuno-
phenotyping (Fig. 2C). Nephrospheres were CD34-CD45-
CD44+CD29+Sca1lo, consistent with that previously reported
for murine MSC (Meirelles et al., 2006). However, such
surface proteins are in no way restricted to MSC populations.
MSC are functionally characterised as possessing immu-
nosuppressive activity. This is often assessed by their
capacity to suppress proliferation of T cells using a mixed
lymphocyte reaction (MLR) (Bartholomew et al., 2002).
Recently, such immunosuppressive characteristics have
been shown to not be restricted to MSC and may represent
a general property of fibroblastic/stromal cells (Haniffa
et al., 2007). Nephrosphere cells from either a C57BL/6 or
outbred CD1 background were assessed for the immunosup-
pressive capacity compared to BM-derived C57BL/6 MSC.
Consistent with previous studies, C57BL/6 MSC demonstrated
strong immunosuppressive capacity when MHC matched to
the responder cells (C57BL/6 Responders and stimulators:
Mean - 5056±697 CPM; co-cultured with MSC: Mean - 1573
±262 CPM, pb0.0001). This was also true when the MSC were
MHC mismatched to the responders (B10.Br Responders and
stimulators: Mean - 6625±805 CPM; co-cultured with MSC:
Mean - 1095±200 CPM, pb0.0001). C57BL/6 nephrospheres
showed a weak but statistically significant reduction
(pb0.05) in T cell proliferation compared to when no
nephrospheres were added (C57BL/6 responders and nephro-
spheres – mean: 4227±808 CPM; B10.Br responders and
nephrospheres – mean: 5522±608CPM). There was no
reduction in T cell proliferation seen in either setting when
nephrospheres from a CD1 background were co-cultured with
the responders and stimulators (Fig. 2D). We conclude that
nephrospheres have limited immunosuppressive capacity in
comparison to BM-MSC or that only a subpopulation of
nephrospheres displays this property.Nephrospheres show broad mesodermal
multipotentiality in vitro and in vivo
The mesodermal multipotentiality of nephrospheres was
assessed in vitro using standard protocols for the mesoder-
mal differentiation of MSC. Nephrosphere-derived cells
showed adipocytic, chondrogenic and osteogenic potential.l growth parameters. A) Strategy for isolation of nephrospheres
single cells and plated in sphere media (middle panel), resulting
subsequent sphere culture; B) Morphology of resulting colonies;
of nephrosphere; scale bars: 50 μm; C) Analysis of the effect of
epresentative images of dissociated embryonic kidney cultures
GF on morphology. Nephrospheres only arose in the presence of
of the effect on proliferation of addition of IGF1, HGF and EGF to
olated from E12.5 or E13.5 embryonic kidneys for 20 passages.
ld per passage for the first ten passages. After around passage 10,
between passages. Y-axis represents cumulative increase in cell
figure.
30 M. Lusis et al.They were also able to form GFP+ myotubes when co-
cultured with C2C12 cells (see Figs. 3A-H). These studies
were performed using both early and late stage nephro-
sphere cultures, with results being consistent at all passages.Mesodermal potential was also assessed in an in vivo
environment by injecting 5×105 nephrosphere cells under
the renal capsule, a location where porcine embryonic
kidney explants display broad non-renal potential (Dekel et
31Renal MSCs in repairal., 2006; Robertson, 2007). A variety of cell morphologies
were observed, including adipocytes, Alcian Blue-positive
tissue (cartilage) and areas in which Masson's trichrome
staining indicated the presence of collagen deposition
(Figs. 3I-L). No evidence of epithelial differentiation or the
development of tubules was visible. Control experiments
injecting PBS alone showed no cellular growth under the
capsule. In conclusion, nephrospheres demonstrate broad
mesenchymal potential in vitro, similar to MSC.Assessing the capacity of nephrospheres to
epithelialise and/or form renal tubules
Matrigel has been used as a three dimensional scaffold to
provide an environment for in vitro tubulogenesis and
angiogenesis (Dontu et al., 2003; Santos et al., 1993).
Dissociated postnatal mouse kidneys or cultured adult rat
and rabbit proximal tubular cultures placed into Matrigel
form tubules in response to growth factors (Taub et al., 1990;
Bowes et al., 1999; Han et al., 2004). Nephrospheres were
either seeded as single cells or as un-dissociated spheres in
Matrigel supplemented with EGF, bFGF and HGF. Extensive
processes formed generating apparently multicellular elon-
gated aggregates. Confocal immunofluorescence and thin
section analysis showed that these structures did not possess
a lumen and displayed morphology more similar to endothe-
lia or myotubes (Fig. 3M-P). Renal epithelial potential was
assessed by placing nephrosphere cells in contact with
NIH3T3 cells stably producing Wnt4 (Osafune et al., 2006).
Freshly isolated Sall1-positive cap mesenchyme is known to
be able to form epithelial colonies in this environment,
however, no epithelial progenitor colonies formed from
nephrospheres under these conditions.Assessing the renal potential of nephrospheres
While nephrosphere cells failed to form epithelial colonies,
to test whether they retained a capacity to form nephrons
when placed in an appropriate environment, we developed a
novel renal recombination assay by adapting protocolsFigure 2 Gene expression pattern, immunophenotype and imm
transcriptase polymerase chain reaction analysis of the expression of
8 and 12 nephrospheres isolated from E12.5 embryonic kidney. These
kidney and BM-MSC. The right panel indicates the anticipated gene
B) Immunofluorescence for WT1 or nestin on whole (left) and disagg
for either Wt1 or nestin (red) along with phalloidin (green). Scale
cells. C) FACS analysis of nephrospheres for CD44, CD29, Sca-1, CD4
of nephrospheres to suppress proliferation of T cells activated in res
[H-2b] – representing a full MHC mismatch to the stimulators but n
MLR); b) B10.Br (responders) [H-2 k], representing a full MHC misma
MLR”). In both a) and b) the first column represents baseline prolifera
represents T cell proliferation in the presence of bone marrow-deriv
were immunosuppressive both in a ‘donor derived’ (a) and ‘third p
proliferation in the presence of nephrospheres isolated from an inbre
represents the average of nine separate wells with each well plated w
Each measurement is corrected for a control well with the responde
represent standard error of the mean. Statistics calculated using one
all samples to controls). ** pb0.01; *pb0.05.previously described by Osafune et al. (2006) and Kispert
et al. (1998) (Fig. 4Aa). Here, whole E12.5 kidney dissociated
to single cells was mixed with cells dissociated from
nephrospheres, centrifuged into a pellet and deposited on
collagen IV-coated filters placed above a Wnt4 over-
expressing feeder layer for 4 days (Fig. 4A). Such chimeric
kidneys underwent tubulogenesis within two days (Fig. 4A).
In order to track the nephrosphere-derived cells, spheres
were derived from embryonic kidney isolated from a
constitutively GFP-labelled mouse (Fig. 4A). While most
nephrosphere-derived cells were detected in the intersti-
tium between the epithelial structures, on occasion nephro-
sphere-derived cells were able to engraft into epithelial
structures including nephron tubules (Fig. 4B), suggesting
that at least a subpopulation of these cells has epithelial
potential. However, GFP-positive cells were never observed
in a CM location surrounding a calbindin-positive ureteric
epithelial vesicle, implying that this may not represent a
conventional MET as observed during normal development.
Nephrospheres are derived from the metanephric
mesenchyme and are not present in the postnatal
kidney
To examine the temporal presence of nephrosphere-forming
cells, nephrospheres were isolated from embryonic kidney
collected between E11.5 and E17.5. A significant difference
was observed between early and late stage kidneys in both
the ease of establishment and their proliferative capacity
over time. With embryonic kidneys older than E15.5, there
was a limited increase in cell yield over the first five passages
(Fig. 5A). More adherance was observed in cultures derived
from later stage embryonic kidneys, however long term
repopulating spheres were able to be isolated. When tissue
was isolated from adult kidney (Npostnatal day 30), a variety
of cell morphologies were observed, including single phase
bright adherent cells and fibroblastic populations (Fig. 5B).
In addition, occasional tissue aggregates resembling
‘spheres’ initially formed (Fig. 5Ba), but these were never
able to be cultured beyond the first passage. Hence initial
‘sphere’ formation does not indicate long term potential.unosuppressive capacity of nephrosphere cultures. A) Reverse
a panel of kidney development and stem cell genes in passage 4,
can be compared to gene expression in the E13.5 total embryonic
expression pattern for each gene during kidney development.
regated (right) nephrospheres. In both cases, cells were stained
bars represent 20 μm for whole spheres and 50 μm for adhered
5 and CD34. D) Mixed lymphocyte reactions to assess the ability
ponse to BALB/c [H-2d] stimulator cells. a) C57/Bl6 (responders)
ot the Bl/6 background MSC or nephrospheres (“donor derived”
tch to the MSC, nephrospheres and the stimulators (“third party
tion (thymidine uptake) of activated T cells. The second column
ed mesenchymal stem cells from a C57BL/6 background. These
arty’ (b) situation. The third and forth columns display T cell
d C57BL/6 or outbred CD1 background respectively. Each column
ith cells from one biological sample representing each condition.
r and modulator cells alone without the stimulators. Error bars
way analysis of variance with post hoc Dunnett's test (comparing
32 M. Lusis et al.The lack of nephrosphere potential in adult kidney may
reflect the absence of cap mesenchyme or the requirement
for an altered process of enzymatic and mechanical digestion
for postnatal tissue.
While nephrospheres expressed many markers suggesting
a MM or CM origin, they failed to show epithelial potential
in response to conventional inductive signals able to
initiate renal vesicle formation in vivo. To address the origin
of nephrospheres, E12.5 kidneys from HoxB7-GFP mice
((Srinivas et al., 1999); UB is GFP+) were used to derive
spheres. GFP-labelled cells formed hollow GFP+ cystic
structures within the first days of culture (Fig. 5C), butthese did not survive initial passaging, suggesting that the
ureteric epithelium cannot form nephrospheres. To investi-
gate this further, we used Sall1-GFP transgenic mice
(Takasato et al., 2004). Sall1 is a transcription factor
expressed in the CM and nephrogenic interstitium as well as
the early renal tubules (Takasato et al., 2004), but not
expressed in other regions of the MM giving rise to interstitial
elements. Cells from 30 pooled Sall1-GFP E12.5 embryonic
kidneys were sorted into GFP+ and GFP- populations using
FACS. Approximately 40% of cells were GFP+ (Fig. 5D). When
cultured separately, nephrospheres were observed in all
cultures, although the rate of initial cell proliferation in both
33Renal MSCs in repairpopulations was reduced compared to isolations from total
embryonic kidney, suggesting either FACS-related trauma or
a requirement for interactions between Sall1+ and Sall1- cells
for optimal cell turnover (Fig. 5E). Of note, nephrospheres
derived from GFP+ cells ceased to show green fluorescence in
culture. However, RT-PCR confirmed continued Sall1 expres-
sion in these cultures. Indeed, Sall1 expression also appeared
to be present in spheres derived from initially GFP-negative
sorted populations (see Fig. 5F). This suggests either nephro-
spheres from all sources express Sall1, but at levels lower
than that required for visual detection of GFP, or that there is
a selective silencing of the Sall1-GFP transgene during
nephrosphere derivation despite ongoing endogenous Sall1
gene expression. In conclusion, cells able to form nephro-
spheres appear to be present within both the Sall1+ and Sall1-
population, implying their derivation from a more multi-
potent MM population.Discussion
In this study, we have defined a protocol for the isolation and
expansion of an embryonic renal progenitor/stem cell
population with broad mesodermal potential. Using a
defined serum-free media including bFGF and thrombin,
we were able to culture long term self-renewing, clonal
nephrospheres. These results represent the first definitive
demonstration of a clonal long term repopulating population
from the embryonic kidney. Previous reports have described
sphere formation by cells isolated from the adult kidney,
however the presence of a non-adherent sphere of cells does
not signify the isolation of a stem cell without further
evidence of clonality and long term self renewal data, which
is absent from all previous reports (Oliver et al., 2004; Dekel
et al., 2006; Gupta et al., 2006).
As discussed, there are two known embryonic populations
in the kidney that have been regarded as progenitors; the
metanephric mesenchyme and the cap mesenchyme, with
the latter derived from the former. In order to determine
which population gave rise to the cells in nephrospheres, theFigure 3 In vitro and in vivo multipotentiality of nephrospher
Nephrospheres differentiated into adipocytes in a serum-containi
evidenced by their characteristic morphology with numerous lipid d
from nephrospheres into a myogenic phenotype was achieved by
nephrospheres were dissociated and co-cultured with the C2C12 cell
culture after 2 weeks. E,F) Osteocyte differentiation was achieved
media including ascorbic acid, β-glycerophosphate and dexameth
by positive staining for alkaline phosphatise. Calcium deposition
was seen in nodules versus the entire monolayer, as is traditionally s
G,H) Chondrocytic differentiation potential was assessed by pell
TGFβ3. After three weeks, the micropellet stained positive for Alc
was characteristic of developing cartilage with acellular regions and
A-H: 50 μm. I-L) Multipotency in vivo was assessed via the injecti
analysis was assessed after three weeks. I) Low resolution image of t
capsule; J) Formation of adipose under the capsule; K) evidence for
I-L: 50 μm. M-P) Nephrospheres seeded in Matrigel supplemented w
of nephrospheres seeded as undissociated spheres; N-O) Immunofluo
DAPI (blue); P) Transverse thin section of such structures stained w
100 μm (M,N) or 20 μm (O,P).Sall1-positive and negative populations were tested for their
nephrosphere forming potential. Sall1 is expressed both in
the CM, the cortical interstitium of the nephrogenic zone and
in the early nephrons. The GFPhi population derived from
Sall1-GFP mice has previously been shown to possess
epithelial progenitor capacity (Osafune et al., 2006; Taka-
sato et al., 2004). The fact that spheres could be cultured
from both populations suggests an MM origin, including MM-
derived structures not expressing Sall1. The fact that
nephrospheres did not show an ability to form epithelium,
except on rare occasions in reaggregation assays, supports
this conclusion but also implies that when isolated the MM no
longer can commit to a CM fate. Alternatively, there may
exist within any nephrosphere only a very small number of
cells that retain epithelial potential with the majority of the
sphere being comprised of a mesodermal population with
less epithelial potential.
The absence of Pax2 expression in nephrospheres, despite
the positive expression of other key renal transcription
factors, would also support an MM rather than a CM origin for
nephrospheres. Mice null for Pax2 still develop a morpho-
logically distinct MM, however this MM is not competent to
undergo mesenchymal to epithelial transition in response to
induction by the UB or other wild-type inducers (Torres et
al., 1995; Brophy et al., 2001). Recent unpublished studies
also suggest that if Pax2 expression is blocked in the cap
mesenchyme that this tissue will convert to a more stromal
phenotype (Akio Kobayashi, personal communication). Again
this raises the possibility that nephrospheres arise from CM
and dedifferentiate into a Pax2 negative MM-like population.
This conclusion is dependent upon Pax2 expression com-
mencing as the MM commits to CM. There is some controversy
about the timing of onset of Pax2 during kidney develop-
ment. In the Danforth's short tail mutant mouse, a defect in
posterior mesoderm patterning results in a lack of branching
by the ureter and failure to induce the adjacent MM. In these
mice, there is an absence of Pax2 expression in the MM
suggesting that the gene is expressed after induction by the
UB (Phelps and Dressler, 1993). In contrast, in the c-Ret
receptor knockout mouse (c-Ret expressed in UB tips), wherees. A-H) Assessment of mesodermal potential in vitro; A,B)
ng media supplemented with dexamethasone and insulin, as
roplets that stained with oil-red-O; C,D) Differentiation of cells
co-culture with the myoblast cell line C2C12. GFP labelled
line. Elongated GFP labelled tubules were visible throughout the
by culturing nephrospheres for three weeks in serum-containing
asone. Osteocyte differentiation was achieved, as indicated
was detected using alizarin red S staining. Mineralization
een after osteogenic differentiation of MSC (Gritti et al., 1996).
eting nephrospheres in serum-free media supplemented with
ian Blue, marking cartilaginous proteoglycans. The morphology
nuclei residing in lacunae (arrow heads in Fig. 3H). Scale bars
on of nephrosphere cells under the renal capsule. Histological
he kidney showing the location of injected cells under the renal
early cartilage differentiation; L) Fibroblastic tissue. Scale bars
ith growth factors bFGF, EGF and HGF. ; M) Brightfield analysis
rescence of such branched structures using phalloidin (red) and
ith Toluidine blue reveals a lack of lumen. Scale bars represent
Figure 4 Assessment of renal potential of nephrospheres. A. Recombination assay in which E12.5 embryonic kidney dissociated to
single cells is recombined and pelleted with test cells (another embryonic kidney, isolated cap mesenchyme of nephrosphere cells)
to assess the ability of the test cells to integrate into tubular structures. a) Pelleted recombination on floating membrane in air/
media culture; b) Immunofluorescence of cultured recombination between embryonic kidney and GFP-labelled nephrosphere cells.
c) Section through 4 day recombination of lacZ-positive and negative wild type embryonic kidneys showing lacZ positivity within a
developing nephron. This represents an example of successful renal potential of the integrating cell. B. Embryonic kidney
recombinations with either constitutionally GFP+ wildtype embryonic kidney (left panels) or nephrospheres derived and cultured from
the same constitutionally GFP+ embryonic kidneys. GFP indicates the location of the test cells and DAPI indicates the nuclei or all cells
present. Arrows show examples of integration of nephrosphere cells into tubular structures. Scale bars represent 1 cm (Aa), 500 μm
(Ab), 50 μm (Ac) and 20 μm (B).
34 M. Lusis et al.the mesonephric duct does not form a ureteric bud, the MM is
still positive for Pax2 (Brophy et al., 2001).
The genes whose expression in nephrospheres is paradox-
ical include Wnt4 and Flk1. In the embryonic kidney, Wnt4 is
first expressed in developing renal vesicles, a population that
has already undergone MET. Wnt4 null mice show conden-
sation of mesenchyme around the UB but a reduction in the
capacity to form epithelia with limited renal vesicle
formation (Stark et al., 1994). The Wnt4 expression observedFigure 5 Determining the origin and temporal window for nephro
isolated from either E12.5 - E13.5 or E15.5-17.5 embryonic kidneys. B
dissociated adult kidney displayed a variety of morphologies, includin
(b) and fibroblastic colonies (c). None of these colonies were able to be
isolated from adult kidney and cultured in media that retained their e
from culture of adult kidney in sphere media. Scale bars: 50 μm. C) B
from Hoxb7-GFP embryonic kidney cultures in nephrosphere medium. S
D) FACS sort from Sall1-GFP mice reveals 41.1% of the viable fract
nephrospheres derived fromtheGFP+ andGFP- population over 5 passag
from bulk embryonic kidney isolations versus GFP+ and GFP- fractions aby RT-PCR may represent expression in only a subset of cells,
given the heterogeneous nature of the nephrospheres.
Alternatively, Wnt4 alone may not have been sufficient to
induce this epithelial differentiation under these conditions.
However, an analysis of Wnt4 expression in the developing
kidney suggests that this expression is not confined to the
renal vesicles but is also seen in the medullary interstitium of
the developing kidney (see www.gudmap.org). Flk1 expres-
sion is commonly associated with endothelial development.sphere isolation. A) Comparative growth curve of nephrospheres
) cultures derived from adult kidney; a-c) primary cultures from
g the formation of spheres (a), single adherent phase bright cells
successfully passaged; d) primary cultures of proximal tubular cells
pithelial character, providing a comparison to what was observed
rightfield and fluorescence image of GFP+ cystic structure derived
uch structures did not survive initial passaging. Scale bars: 50 μm.
ion is GFPhi while 53.2% is GFP-negative, E) Growth curves for
es; F) Analysis of GFPand Sall1 expression in nephrospheres derived
fter 3 passages in culture.
35Renal MSCs in repairHowever, Flk1 expression has also been associated with the
MM both in vivo and in vitro. Flk1 expression has been
reported in the CM based on immunofluorescence of
embryonic kidneys and in the MM based on expression in
MM-derived cell lines (Oliver et al., 2002; Usui et al., 2006).
This is consistent with the hypothesis that the MM can giverise to endothelia as well as epithelia (Oliver et al., 2002).
Such duality in differentiation capacity has also been shown
with cells isolated from the adult renal interstitium. Such
cells can give rise to cells of epithelial or endothelial
character depending on conditions (Bussolati et al., 2005b).
However, nephrospheres were not successfully derived from
36 M. Lusis et al.postnatal tissue. The expression of other MM markers not
associated with endothelial development and the lack of
CD34 immunopositivity, a definitive marker in the mouse
(Fadini et al., 2007), suggests that the spheres do not
represent endothelium.
While nephrospheres appear to be derived from the MM
and show broad mesenchymal potential, this population of
stem cells appear to be completely restricted to the
embryonic kidney and is lost from the postnatal kidney.
Nephron progenitors have been proposed to exhaust around
birth resulting in the cessation of nephron formation. Our
observations suggest that this is also the case for the MM-
derived progenitors detected using this sphere-forming
assay. This would suggest that any postnatal stem cell in
the kidney, should such a cell exist, is distinct from the
progenitor population/s present during embryogenesis.
The requirement for thrombin and bFGF for successful
nephrosphere formation is notable. Previous publications
have studied the relationship between these factors in
proliferation of vascular smooth muscle cells. The growth
factors potentially have points of convergence in their
signalling pathways (Cucina et al., 2002). Thrombin in
combination with bFGF has been shown to have a synergistic
effect on cell proliferation (Weiss and Nuccitelli, 1992).
Thrombin also appears to mediate autocrine production of
bFGF (Cucina et al., 2002) and the mitogenic effect of
thrombin is dependent upon the presence of bFGF (Weiss and
Maduri, 1993). Thrombin was a key factor in the develop-
ment of a cardiac sphere forming assay with its addition
resulting in a seven fold increase in sphere formation of
cardiac stem cells. The media used was also supplemented
with bFGF (Messina et al., 2004). As well as being a potent
mitogen in vitro, thrombin is a key regulator of the injury
response in vivo, including the coagulation pathway,
inflammatory response, vessel wall healing and fibrosis
(Cucina et al., 2002). Thrombin has been described as a
“critical signal linking injury to regeneration” (Imokawa
et al., 2004). The importance of thrombin during injury
response is somewhat evolutionarily conserved, although
while newt myotubes can de-differentiate and re-enter the
cell cycle in response to thrombin, vertebrate myotubes are
refractory to its effect (Imokawa et al., 2004). In the newt,
inactivation of thrombin blocks S-phase re-entry by pigment
epithelial cells of damaged newt iris (Imokawa and Brockes,
2003). Nevertheless, the link between thrombin and de-
differentiation raises the possibility that the cells within a
nephrosphere may have been derived from CM and have
reverted to a more primitive form of intermediate mesoderm
no longer competent to form nephrons as opposed to being
derived from MM that had not yet committed.
During the characterisation of nephrospheres, there
appeared to be a considerable degree of similarity between
these cells and MSC. Immunophenotypic similarities included
the expression of CD44 and CD29. Despite the wide
acceptance of these as markers of MSC, these cell surface
molecules are broadly expressed in a variety of tissues
(De Strooper et al., 1989; Gee et al., 2004). Sca-1 positive
interstitial cells from the adult kidney have also been shown
to demonstrate immunosuppression (Dekel et al., 2006).
More curiously, MSC expressed a number of transcription
factors in common with nephrospheres and, by default,
embryonic kidney. In contrast to MSC, nephrospheres did notshow immune suppression capacity in a MLR. However they
did show broad mesodermal potential and are αSMA positive
around the edge of each sphere. Hence, the final possibility
is that these cells represent an endogenous renal MSC
population potentially derived from the perivascular fraction
of the kidney, a region now regarded to be the source of MSC
populations from most tissues (Meirelles et al., 2006). There
are two strong arguments against this possibility. The first is
the inability to derive such cells from postnatal tissue, from
which renal MSC can be readily isolated (our own observa-
tions and 9). The second argument is the expression of
specific MM genes, Wt1, Sall1 and Hoxa11, none of which are
expressed in BM-MSC.
Nephrospheres could not undergo epithelialisation in
vitro. This may reflect the phenotype of the sphere-initiating
stem cell and/or the progeny that make up the bulk of the
sphere. Alternatively, this lack of or loss of epithelial
competence may have arisen during tissue culture. Pax2
and Wt1 are both critical in enabling MET (Kreidberg et al.,
1993). While a morphologically distinct MM is still formed in
both Pax2 and Wt1 null embryos, this MM is unresponsive to
epithelial differentiation by wild-type heterologous inducers
such as spinal cord (Brophy et al., 2001; Kreidberg et al.,
1993). Knockdown of Pax2 in the mesenchyme but not the UB
of E11.5 kidney explants also results in a failure of the
mesenchyme to aggregate and undergo MET (Rothenpieler
and Dressler, 1993). Valerius et al. (2002) found that the MK3
cell line, derived from embryonic kidney and believed to
represent MM, could promote development and branching of
isolated ureteric buds, but these cells did not undergo
mesenchymal to epithelial transition and appeared “devel-
opmentally frozen”. Of note, MK3 does not express Pax2 or
Wt1. Hence, the lack of Pax2 expression by nephrospheres
may explain the lack of epithelial potential. While Pax2
expression is necessary for MET during kidney development,
Six2 and Osr1 have been shown to act as negative regulators
of nephron formation. Both genes are expressed in the MM
and then the CM (Self et al., 2006; James et al., 2006). Six2
maintains the CM population but prevents tubulogenesis
while Osr1 is proposed to maintain embryonic renal
progenitors in an undifferentiated state with overexpression
in chick embryos inhibiting nephric tubule formation (James
et al., 2006). It may be speculated that the expression of
these two genes in the absence of Pax2 could be preventing
their epithelial differentiation, thereby maintaining an
undifferentiated mesodermal state.
Wilms’ tumour is an embryonic neoplasia that occurs
usually sporadically in children under 3 years of age (Little,
2005). The histology of the tumour is classically triphasic,
including areas of blastema, stroma and attempts at
epithelialisation. 10% of sporadic Wilms’ tumours arise due
to mutations in the WT1 gene and such tumours are proposed
to represent disruptions to the normal process of differen-
tiation of the MM – a case of arrested development (Little,
2005). In addition, the genes expressed in the blastemal
components of such tumours overlaps considerably with that
of the MM of the developing kidney (Metsuyanim et al.,
2008). Pode-Shakked et al. (2009) have investigated the
possibility that Wilms’ tumours contain a cancer stem cell
population by culturing cells from primary Wilms’ tumour
using conditions selected to promote low adherence (ultra-
low attachment plates, DMEM/20%FCS/bFGF/EGF/SCF). This
37Renal MSCs in repairdid yield sphere-like aggregates, although these were not
clonally passaged. The Wilms’ tumour cultured populations
expressed the early blastemal marker cadherin 11, showed
variable levels of expression of MSC markers (CD105, CD44,
CD90), haematopoietic stem cell markers (CD133, c-kit,
CD34) and gene previously described as being selectively
upregulated in xenografts derived from Wilms’ tumours
(NCAM, Fzd2, Fzd7, ACVRIIB) (Metsuyanim et al., 2008), but
were negative for CD45. Individual NCAM+ cells were able to
grow colonies in culture, suggesting clonogenicity, but long
term clongenicity and self renewal was not proven. Some
similarities exist between these putatitive Wilms’ tumour
cancer stem cells and the embryonic kidney nephrospheres
described here, although many genes were not examined in
nephrospheres. Of note, nephrosheres did not express CD34
whereas these populations did. Expression of NCAM in the
developing kidney is seen in the MM, including both the CM
and surrounding stroma within the neprhogenic zone. This
pattern of expression is very similar to that for the Sall1
gene, supporting the concept of persistence of the embry-
onic nephrosphere-forming population in cases of Wilms’
tumour.
As well as the classical triphasic histology seen in Wilms’
tumour, these neoplasms commonly contain heterologous
teratomatous regions of cartilage, bone and skeletal muscle,
suggesting that at least a subcomponent of these tumours
shows broad mesodermal potential similar to that of the
intermediate mesoderm. In this study, we have been able to
isolate a long-term, self renewing progenitor population from
the embryonic kidney which shows similar broad mesodermal
potential. This population is likely to represent uncommitted
MM with stromal and cap mesenchyme potential, but does not
appear to persist after the cessation of nephrogenesis. This
suggests that it is not only the cap mesenchyme that is
exhausted at the end of nephron formation but also any
remaining uncommitted MM. It is of interest that such a
population, were it able to persist after birth, would be able
to give rise to themany different cell types observed inWilms’
tumor. As our data suggests that this population should not
persist, this may explain why Wilms’ tumour is restricted to
early life and may explain in part why adult Wilms’ tumour is a
very rare phenomenon (Kartsanis et al., 2007).Acknowledgments
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